Phase-shifting masks (PSMs) have provided us a breakthrough in the future semiconductor industry by extending lithography further to the submicrometer order. PSMs have been used over the past several years, and their requirements have changed due to the development of semiconductor technology. We investigated high-transmittance attenuated PSMs (HT-Att-PSMs) that satisfy the requirements of 20 ± 5% transmittance and 180
Introduction
Microlithography is a manufacturing process for producing highly accurate, microscopic and two-dimensional patterns in a photosensitive resist material. Microlithography is used at every stage of the semiconductor manufacturing process, and approximately one-third of the total cost of semiconductor manufacture can be attributed to microlithographic processing. 1) Recent optical lithography system parameters have dramatically changed to reduce critical dimensions.
2) The current push to extend optical lithography to sub-100 nm features, coupled with increased complexity of advanced design, has led to the requirement for a corresponding improvement in resolution enhancement techniques such as optical proximity correction and phase-shifting mask (PSM). 3) PSM is a mask that changes the phase of light to produce a destructive interference at the edge with the original light. 4) The use of PSM improves both resolution and depth of focus without significantly altering the existing exposure system. Since the phase-shifting idea in mask technology was first introduced by Levenson et al. 5) in 1982, PSMs have been investigated and developed extensively. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] PSM requirements are changing due to the development of other related technologies. First, it became possible to use a high-transmittance attenuated PSM (HT-Att-PSM). A high transmittance of 20% was reported to be the optimum condition to yield the best resolution by PSM based on the simulation results of Kim et al., 25) and is now applicable because of the improvement in photoresist technology. Second, continuous improvement in the technology of the inspection equipment has lowered the inspection wavelength. Therefore, the inspection wavelength is being lowered with the exposure wavelength but at lower speed. Figure 1 shows the schematic illustration of HT-Att-PSM. To produce a destructive interference, the phase shift should be 180
• . Regarding the transmittance, our provisional target is to fabricate HT-Att-PSM with 20 ± 5% transmittance at the exposure wavelength. The inspection wavelength is 365 nm for a KrF laser (exposure wavelength of 248 nm) and 248 nm for an ArF laser (exposure wavelength of 193 nm), considering the development speed of the inspection technology. Figure 2 shows a schematic diagram of the simulation procedure to develop n-k-d charts for HT-Att-PSM. The shaded surface in Fig. 2(a) shows the optimum variable ranges that
Simulation Procedure

Simulation procedure for n-k-d charts
In this study, we develop refractive index-extinction coefficient-thickness (n-k-d) charts which represent the optical constant range for HT-Att-PSM of the ArF laser and the KrF laser. The n-k-d chart for exposure wavelength shows optical constant range of refractive index (n), extinction coefficient (k), and thickness (d) yielding a 180
• phase shift and a 20 ± 5% transmittance, whereas that for inspection wavelength shows optical constant range of n, k, d yielding less than 40% transmittance. In the calculation, we considered multiple reflections within both the film and the substrate. These n-k-d charts can be used to determine the optimum conditions for film fabrication. Application examples are introduced for the cases of chromium fluoride and chromium aluminum oxide films in §3.3. yield 20 ± 5% transmittance and 180
• phase shift at the exposure wavelength. The shaded volume in Fig. 2(b) represents the variable ranges that yield less than 40% transmittance at the inspection wavelength. N -k-d charts are two-dimensional projections of the shaded surface and volume. The calculation method used in developing n-k-d charts is explained in §2.2.
Calculation method of transmittance and phase shift
The basic model adopted for this simulation study is shown in Fig. 3 . If electromagnetic radiation is applied to a structure that consists of thin layers of different materials (such as Film+Substrate in Fig. 3) , multiple reflections will take place within the structure [ Fig. 3(b) ]. Depending on the light source and the layer thickness, reflected beams may be coherent and interfere with each other. Let us consider two systems, A and B, consisting of two layers, as shown in Fig. 3 . The construction parameters comprise not only the complex refractive indexñ j and the thickness d j of the layers j = 1, 2, but also the complex refractive indexñ 0 of the air medium:
where n j is the refractive index of the jth layer and k j is the extinction coefficient of the jth layer:
Here, n 0 is the refractive index of the air layer and k 0 is the extinction coefficient of the air layer. Here, we consider only the case where the angle of incidence is zero (normal to the substrate plane), because the exposure system is almost normal to the mask. The most general method of calculating the transmittance, T , and the phase shift, φ, of a multilayered structure is based on a matrix formulation of the boundary condition at the film surface derived from Maxwell's equations. 26) It can be shown that the transmittance coefficient of the above systems A and B bounded by semi-infinite media is given by
where S = A, B and
E in 0 andH in 0 are the electric and magnetic field vectors, respectively, in the incident medium, and M S is a product matrix given by
In the preceding equation, M j is a 2 × 2 matrix that represents the jth layer of the system:
where
The quantityñ j d j is the effective optical thickness of the jth layer for a normal path to the surface. Then, the intensity transmittance is
and the phase shift is given by
In this calculation, we considered layer 1 of air in Fig. 3 (a) to be of the same thickness as the film for the reference light. This is because the reference light also experiences some amount of phase shift while propagating the same distance as the light propagating through the Att-PSM. Therefore, equations for the relative transmittance and the phase shift with reference to the light propagating through the fused silica substrate would be expressed as
and
Transmittance and phase shift are calculated using eqs. (10) yield 20 ± 5% transmittance and 180
• phase shift at the expo-
and (11) at each thickness. We fixed the thickness of quartz substrate (d 2 ) as 2.35 mm, which we measured using a vernier caliper. We used optical constants of quartz substrate as n = 1.56076912, k = 0 at 193 nm wavelength, n = 1.508550711, k = 0 at 248 nm wavelength, and n = 1.47454126, k = 0 at 365 nm wavelength. Calculated ranges of variables are shown in Table I for ArF laser HTAtt-PSM and in Table II for KrF laser HT-Att-PSM. The step between calculation points in n-k-d space was set at 0.01, as shown in Tables I and II • phase shift at the exposure wavelength and less than 40% transmittance at the inspection wavelength.
Results and Discussion
n-k-d charts
Transmittance and phase shift were calculated following the procedure mentioned in §2.2. Figures 4 and 5 show transmittance lines of 15%, 20%, and 25% and phase shift lines of 180
• at exposure wavelengths of 193 nm and 248 nm. In the figures, representative results are shown at four thicknesses of 60 nm, 90 nm, 120 nm, and 150 nm. It is found from the calculation results that the transmittance is a strong function of the extinction coefficient and that the phase shift is a strong function of the refractive index. The electromagnetic wave is expressed as follows: optical constant range for HT-Att-PSM. These n-k-d charts imply that if the film is too thick, transmittance fluctuation due to thickness fluctuation will become too large; thus, it is suggested that films less than 150 nm thick be fabricated for application to HT-Att-PSM. At the inspection wavelength, there is only the transmittance requirement for HT-Att-PSM. In the range mentioned Inserting eq. (13) and eq. (14) into eq. (12), we obtain the following equation:
Equation (15) informs us that the phase is mainly influenced by n whereas the transmittance is influenced by k, which corresponds to the observations made in the calculation. At the exposure wavelength, the two requirements of transmittance and phase shift should be satisfied simultaneously for HT-Att-PSM. Therefore, the intersection point between the 20% transmittance line and the 180
• phase shift line is the optimum condition for the thickness calculated. 
and again ϕ andñ are expressed as in Tables I and II , transmittance was calculated and the ranges having 40% transmittance are shown in Fig. 8 and in Fig. 9 for inspection wavelengths of 248 nm and 365 nm respectively. The right part of the 40% transmittance line corresponds to less than 40% transmittance.
Verification of calculation results
To verify the simulation results, we compared the transmittance calculated from the measured optical constant data with the directly measured transmittance.
For this verification experiment, we fabricated films using a dc magnetron sputtering system. A schematic diagram of the magnetron sputtering system is shown in Fig. 10 . We introduced a grounded mesh inside the chamber to improve film uniformity and quality. 27 ) First, we attempted to set up four positions that yielded the same film properties on the substrate holder. It was because films from the same batch would be analyzed in terms of composition, thickness, optical constant, and transmittance. Films were deposited on 15 cm silicon substrates under the conditions listed in Table III. The fabricated film's thickness was analyzed by an ellipsometer at the wavelength of 633 nm with the assumption of zero extinction coefficient. Measured position and results are shown in Fig. 11 . As shown in Fig. 11(b) , the film thicknesses at the four selected positions were nearly the same. Film compositions at the four positions analyzed by a wavelength-dispersive spectrometer were also very similar, as listed in Table IV . In the following experiments, we loaded substrates on the four selected positions for consistent analysis.
For verification of the calculated transmittance, 26 films were fabricated under the conditions shown in Table V . For transmittance measurement, we used a quartz substrate having a thickness of 2.35 mm. For the measurement of geometric film thickness, we used a slide glass substrate. For the measurement of refractive index, extinction coefficient and physical film thickness, a silicon substrate was used. Geometric film thickness was measured by a Tencor alpha step, is found that the simulation model agrees fairly well with the measurement.
Application method of n-k-d charts
In §3.1, we developed n-k-d charts for HT-Att-PSM of ArF laser and KrF laser. Figure 13 shows a schematic diagram of process optimization using n-k-d charts and experimental data. For the application to HT-Att-PSM, optical requirements at the exposure wavelength and at the inspection wavelength should be satisfied simultaneously. For example, if we want to find the optimum process conditions for ArF laser HT-Att-PSM, film properties (i.e., refractive index, extinction coefficient, and thickness) should meet the requirements in the n-k-d chart at the exposure wavelength (193 nm) first, and then the same film should meet the requirements in the n-k-d chart at the inspection wavelength (248 nm) at the same time. By comparing the measured optical properties with the developed n-k-d charts at the exposure wavelength and at the inspection wavelength, we can find the optimum process conditions for HT-Att-PSM. Examples of process optimization are shown in Figs. 14 and 15. Optical constants of chromium fluoride films 23) are shown on the n-k-d chart of ArF laser in Fig. 14(a) to find the optimum conditions for HT-Att-PSM. At the exposure wavelength of 193 nm, we find that chromium fluoride films of F/Cr = 3 and film thickness of 140 nm show 20% transmittance and 180
• phase shift. However, this film's optical constants at the inspection wavelength of 248 nm showed over than 40% transmittance in Fig. 14(b) . Therefore, chromium fluoride films do not satisfy the optical conditions for application to ArF laser HTAtt-PSM. As a successful example of process optimization, the same work was carried out for chromium aluminum ox-this process, physical film thickness was simultaneously obtained with refractive index and extinction coefficient. Using these values of refractive index, extinction coefficient and thickness, transmittance was calculated using the method described in §2.2. Real transmittance was measured by UV spectroscopy. Typical results of comparison of the calculated transmittance data with the measured ones are shown in Fig. 12 . Although there is some discrepancy between calculated and measured results, the figures are very similar. The discrepancy may come from measurement errors of thickness and optical parameters and from reduction errors when converting optical parameters to optical constants. Comparing the calculated transmittance data with the measured data of 26 fabricated films, we obtained 3.6% average transmittance difference in absolute value at the wavelength of 365 nm. In the same way, we obtained 5.6% at the wavelength of 248 nm and 6.0% at the wavelength of 193 nm. From this result, it and the step was made by a lift-off process. This measured geometric film thickness was used in the reduction of the optical parameters measured by a spectroscopic ellipsometer. In Table V say that n-k-d charts are reliable indicators for determining the optimum process conditions of HT-Att-PSM.
Summary
HT-Att-PSM is being developed extensively. To realize easy process optimization for HT-Att-PSM fabrication, we developed n-k-d charts for the exposure wavelengths of 193 nm and 248 nm, and for the inspection wavelengths of 248 nm and 365 nm. Simulation is performed to determine the optimum range of variables that yield a 180
• phase shift and a 20 ± 5% transmittance at the exposure wavelength, and less than 40% transmittance at the inspection wavelength. The calculation was based on the matrix method and the variables were refractive index and extinction coefficient at the wavelength of interest, and film thickness. The developed n-k-d charts were verified by comparing calculated transmittance and measured transmittance. It was proven that the calculation agrees well with the measured data. Therefore, we can ide films. 24) As shown in Fig. 15(a) , chromium aluminum oxide film of Al/Cr = 4 and film thickness of 124 nm satisfies the optical requirements of HT-Att-PSM for ArF laser. Also, this film shows less than 40% transmittance at the inspection wavelength of 248 nm, as marked in Fig. 15(b) . Therefore, chromium aluminum oxide of Al/Cr = 4 and d = 124 nm satisfies optical requirements both at the exposure wavelength and at the inspection wavelength. In this way, process optimization for HT-Att-PSM of ArF laser and KrF laser can be performed with the n-k-d charts developed in this study. 
